At the voltage inputs of the detectors there are no switches which could produce thermal EMF's during the operation of the bridge. British Post Office (BPO) connectors are used to connect the Hall bar and the reference resistor to the bridge so that their position in the bridge may be exchanged to test for systematic errors. This also provides generality, enabling any pair of probes on the Hall bar to be measured. The small longitudinal voltage along the device (Vt) can be measured by connecting either D1 or D2 (depending on the probe set and magnetic field direction) directly to the Hall bar and using the detector as a voltmeter. This measurement of Vx is required to permit extrapolation of the Hall resistance to zero temperature [7] .
U.S. Government work not protected by U.S. copyright III. GUARDING Not shown in Fig. 1 is the circuitry which is used to guard all the critical bridge components and wiring. Coaxial cable is used for all wiring within the bridge, with the shield of the cable being driven at the same voltage as the inner conductor. Connectors, switches, resistors, and detectors, etc., are mounted within shielded boxes which, so far as possible, are driven at the same voltage as the internal circuitry. These shields are driven by a battery source identical to the main current source so that although the two sources are completely isolated from each other, their outputs track one another with temperature and load current.
Of particular interest are the computer-operated relays used to implement the resistor interchange switch, the current reversing switches (both main and guard currents), and the current magnitude selection switches. Each relay consists of a read-relay surrounded by a continuous copper shield on which the actuating coil is wound. The copper shield is extended as part of the bridge guarding circuitry so that leakage currents generated by the actuating coils are shunted away from the critical cricuitry. By design, thermal EMF's generated by the relays do not affect the bridge reading. At rated power, however, the relays produce thermal EMF's large enough to overload the detectors. Consequently, the relays are actuated with an initial current pulse which is reduced to approximately 25 percent of rated power after 100 ms. This typically reduces the thermal EMF's to 1 ,uV or less. age and the common-mode detector voltage.) The outputs of the three detectors are then simultaneously integrated for 30 s. The current polarity is reversed and the detector outputs are again integrated. The interchange switch is set to the "down" position and two more measurements are made, first with reversed current and then with the normal current polarity. The current reversal pattern (+, -, -, +) eliminates errors due to both thermal EMF's and detector offset voltages that either remain constant or drift linearly with time. The pattern is repeated again with the interchange switch first in the "down" position and then in the "up" position. This pattern also tends to eliminate errors due to linear drift in the ratio of resistors RI and R2.
The interchange and current polarity switches are implemented using four independently controlled single-pole reed relays described earlier, and are operated as make-before-break and break-before-make switches, respectively. Current reversal and resistor interchange can thus be performed with almost no transient voltages appearing at the detectors, and measurements can begin within a few seconds after switching. All relays are in the bridge current paths or are in series with large resistors so thermal EMF's in these switches will not introduce an error in the measured resistance ratio so long as the detector outputs are measured simultaneously. The three digital voltmeters that read the outputs of the detectors are programmed to respond to a single trigger command from the computer and then integrate the outputs for the same length of time.
VI. RESULTS Comparisons of two 6453.2-Q resistors were made using the automated resistance bridge and a manual resistance measurement system previously used for quantum Hall resistance measurements [5] . [8] . Unfortunately, problems that developed with the manual system prevented a simultaneous comparison of the two systems using a quantum Hall device.
The bridge was tested to verify that thermal EMF's in the relays would not contribute an error to the resistor comparison by measuring the difference between two resistors using zero bridge current on several different days. The difference, which should have been zero, was found to be -0.013 ± 0.008 ppm. This result is not statistically different from zero at a 90-percent confidence level (±0.018 ppm). Another test was performed to estimate the sensitivity of the bridge to the setting of the trim resistors at A and B in Fig. 1 . These were offset in random combinations equivalent to a 30-ppm resistor difference and within statistical fluctuations no change was found in the actual measured difference.
VII. CONCLUSIONS
The automated bridge has been used successfully to measure the resistance of a quantum Hall device. Using three detectors simultaneously has introduced no major error or problems in measuring such a device. Preliminary comparisons using both resistors and GaAs quantum Hall devices have indicated agreement with our manual measurement system to within 0.01 ppm. Nevertheless, more testing needs to be done in order to gain full confidence in the new system and to evaluate completely its systematic uncertainty. Specifically, the short-term random measurement error is somewhat larger than expected, probably due to a noisy detector, and there is an as yet unexplained, systematic error in the bridge of 0.018 ppm that can be observed when the positions of the Hall device and reference resistor are exchanged in the bridge.
We emphasize that the bridge is fully automated and will run completely unattended.
